Non-destructive assessment of the polarity of GaN nanowire ensembles using low-energy electron diffraction and x-ray photoelectron diffraction We investigate GaN nanowire ensembles spontaneously formed in plasma-assisted molecular beam epitaxy by non-destructive low-energy electron diffraction (LEED) and x-ray photoelectron diffraction (XPD). We show that GaN nanowire ensembles prepared on AlN-buffered 6H-SiCð000 1Þ substrates with well-defined N polarity exhibit similar LEED intensity-voltage curves and angular distribution of photo-emitted electrons as N-polar free-standing GaN layers. Therefore, as in the case of GaN layers, LEED and XPD are found to be suitable techniques to assess the polarity of GaN nanowire ensembles on a macroscopic scale. The analysis of GaN nanowire ensembles prepared on bare Si(111) allows us to conclude that, on this non-polar substrate, the majority of nanowires is also N-polar. In plasma-assisted molecular beam epitaxy (PA-MBE), the compound semiconductor GaN is known to be prone to the spontaneous formation of nanowires (NWs) under N excess at elevated temperatures. [1] [2] [3] [4] [5] [6] Under such conditions, dense arrays of NWs form on a variety of substrates, including Si, without the need of using any metal particles to collect the precursors and induce uniaxial growth. 1, 3, 4, 6 Independent of the substrate used for growth, spontaneously formed GaN NWs crystallize in the wurtzite crystal structure, elongate along the h0001i axis, and are free of strain on a macroscopic scale. 1, 3, 4, 6 Furthermore, individual NWs are found to be free of extended defects as well. 1, 3, 4 Therefore, GaN NWs are envisioned as an ideal approach to integrate GaN-based devices with Si technology. 7, 8 Due to the non centro-symmetric nature of the wurtzite crystal structure, the [0001] and ½000 1 directions are nonequivalent. The [0001] direction contains Ga-N bonds parallel to the h0001i axis and is defined as Ga-polar. Accordingly, the opposite orientation is defined as the N-polar direction. The knowledge of the polarity of GaN NWs, i.e., whether they grow along the [0001] or the ½000 1 direction, is of major importance for the design of NW-based devices because it determines the orientation of both spontaneous and piezoelectric polarization fields in axial heterostructures. 9 Moreover, analogously to GaN layers, the formation of native point defects during growth as well as the incorporation of impurities are expected to depend on NW orientation. 10, 11 It has been recently demonstrated that, on high-quality polar substrates such as 6H-SiC, where morphological or structural defects are essentially absent, the orientation of the substrate strongly influences the spontaneous formation of GaN NWs. 12 On anion-polar substrates, dense arrays of N-polar GaN NWs can form under proper growth conditions. In contrast, on cation-polar substrates, the formation of GaN NWs is inhibited. The polarity of GaN NWs grown on nonpolar substrates such as Si(111) or Al 2 O 3 ð0001Þ is, however, still under debate. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] Only N-polar GaN NWs are expected to form spontaneously 12 but the presence of defects, especially in the AlN buffer layers prepared on Si(111) and Al 2 O 3 ð0001Þ, could facilitate the formation of GaN NWs with either Ga or N polarity. 13, 23 Several experimental techniques have been proposed so far for assessing the polarity of GaN NWs, such as convergent beam electron diffraction, 12, 14, 15, [17] [18] [19] 23 electron energy loss spectroscopy, 12, 16 aberration corrected scanning transmission electron microscopy, 20, 21, 24 KOH etching, 17, 19, 22 piezoresponse force microscopy, 18 photo-assisted Kelvin probe force microscopy, 25 and resonant x-ray diffraction with tunable monochromatic synchrotron radiation. 17 All of these techniques, however, are either destructive, work only on a microscopic scale, or require specialized equipment. There is thus a clear need for a non-destructive characterization technique capable to assess the polarity of GaN NW ensembles on a macroscopic scale using standard laboratory equipment.
In this context, it is worth noting that recent experiments demonstrated a great potential of non-destructive surface sensitive techniques such as low-energy electron diffraction (LEED) and x-ray photoelectron diffraction (XPD) to determine the polarity of GaN layers. [26] [27] [28] In the case of LEED, the intensity-voltage (I-V) curves depend on crystal orientation. 26 Moreover, state-of-the-art theoretical calculations suggest that LEED could also be used to determine the polarity of nanostructures with well-ordered crystal structure. 29, 30 In the case of XPD, the different angular distribution of photo-emitted electrons for Ga-and N-polar GaN layers is used to assess the polarity in a more straightforward manner. 27 In contrast to resonant x-ray diffraction experiments, 17 these measurements do not require the tunable monochromatic radiation of a synchrotron but can be performed using a standard laboratory x-ray source. Therefore, these non-destructive techniques are of potential significant importance if proven capable to determine, in a routine way, the polarity of GaN NW ensembles on a macroscopic scale.
In this work, we investigate the polarity of spontaneously formed GaN NWs by using both LEED and XPD. As a proof of concept, we first analyze LEED and XPD experimental data from a NW ensemble with a well-defined polarity and compare the results with those reported for free-standing GaN (FS-GaN) layers. Then, we apply these techniques to the case of GaN NWs grown on bare Si(111), for which the literature is riddled with contradictory results. [14] [15] [16] [17] 22 Our results demonstrate that, in agreement with resonant x-ray diffraction experiments, 17 on a macroscopic scale GaN NWs grown on bare Si(111) are N-polar.
The two samples investigated here were grown by PA-MBE using N-rich growth conditions. The first sample, S-1, was prepared on AlN-buffered 6H-SiCð000 1Þ at 825 C. Due to the anion-polar nature of the substrate, for this sample, the polarity of the GaN NWs is well-defined, namely, they are N-polar. The polarity was furthermore confirmed by convergent beam electron diffraction. 12 One can see in Fig.  1(a) that the sample consists of a highly homogeneous and dense NW ensemble. The average NW length and diameter are 730 and 85 nm, respectively, as determined by the analysis of cross-sectional and plan-view scanning electron micrographs. Additional details on the growth and characteristics of this sample can be found elsewhere. 12, 31 The second sample, S-2, was prepared on bare Si(111) at 815 C. The asreceived Si(111) substrate was etched using diluted (5%) HF to remove the native Si x O y . Then, it was outgassed in the growth chamber at 900 C for 20 min. Afterwards, a (7 Â 7) reconstruction characteristic of a clean Si(111) surface was observed by reflection high-energy electron diffraction (RHEED) below 860 C. Finally, the substrate was nitridated at the growth temperature for 15 min before starting the growth by opening the Ga shutter. As shown in Fig. 1(b) , the sample also consists of a dense NW ensemble with average NW length and diameter of 1.7 lm and 75 nm, respectively.
The samples were investigated using an ADES-400 angleresolved photoelectron spectrometer equipped with a LEED back-view apparatus (ErLEED Digital, Specs), an Auger electron spectrometer (AES), and an x-ray photoelectron spectroscopy (XPS) system. The latter includes a laboratory x-ray source (MgKa excitation, 1253 eV) and a hemispherical analyzer with energy and angle resolutions of 1.2 eV and 62. 7 , respectively. Prior to loading the samples into the spectrometer, they were cleaned using isopropyl alcohol. Before doing any measurements, the samples were outgassed by flashing them at a temperature of 620 C for 4 hours. The cleanliness of the samples was checked in situ by XPS and AES. The measurements performed before heating the samples revealed traces of F, C, and O. F was completely removed by the outgassing but small traces of C and O were still present on the samples after that process. The area probed by our LEED and XPD experiments is about 5 Â 10 À3 cm 2 and 1 cm 2 , respectively. Since the NW number density in samples S-1 and S-2 is of the order of 5 Â 10 9 cm
À2
, we probe approximately 2.5 Â 10 7 NWs by LEED and 5 Â 10 9 NWs by XPD. More details about LEED and XPD measurements can be found elsewhere. 26, 28 Figure 2(a) shows the LEED diffraction pattern of sample S-1 acquired by a 12-bit CCD camera using an electron beam energy of 144 eV. A clear hexagonal diffraction pattern is observed, as expected for h0001i oriented GaN NWs. The (1 Â 1) surface unit cell is indicated on the pattern. The LEED spots are thus exclusively due to the diffraction of electrons by the NW top surfaces. Note that, as result of the finite inelastic electron mean free path (of the order of only a few nm (Ref. 32)) and the large area fraction covered by the 730 nm long GaN NWs, the electrons diffracted by the NW sidewalls or the substrate cannot reach the LEED screen. The LEED pattern of sample S-2 is shown in Fig. 2(b) . As for sample S-1, we observe a (1 Â 1) pattern. However, the diffraction spots are not as sharp as for sample S-1. The dim spots are the result of the large in-plane and out-of-plane misorientation of the GaN NWs. Typical values of the tilt and twist of GaN NWs prepared on Si(111) are in the range of 2 -4 .
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These values are significantly larger than those measured in GaN NWs grown on AlN-buffered 6H-SiCð000 1Þ, namely, 0.4 -0.6 .
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In addition to the qualitative information obtained from LEED patterns, the LEED I-V curves provide detail insight into the crystal surface structure. The LEED I-V curves of the (1,0) and (2,0) diffracted spots measured on GaN NWs grown on AlN-buffered 6H-SiCð000 1Þ (sample S-1) are presented in Figs. 3(a) and 3(b) , respectively. The more diffuse LEED pattern of sample S-2 impeded us to acquire LEED I-V curves from the GaN NWs grown on Si(111). In the figures, the results are compared with those obtained for Gaand N-polar FS-GaN layers. 26 The measurements were taken between 130-500 eV in steps of 1 eV. For each step, 64 LEED images were averaged to reduce the signal-to-noise ratio. The linear background was also subtracted from the spot intensities. Additional details on the acquisition of LEED I-V curves can be found elsewhere. 26, 34 The LEED I-V curves of the (1,0) and (2,0) spots for sample S-1 and those of the N-polar FS-GaN layer are in a good qualitative agreement. Only a small shift of a few eV in the position of the diffraction peak maxima is observed. This deviation in the peak positions could be due to either variations in the inner potential or differences in the atomic relaxation of NW and FS-GaN surfaces. In addition, the lattice constant difference between the FS-GaN layer and the GaN NWs could cause shifts on the LEED I-V curves. 29, 30 However, it has been shown before that, within an error margin of 65 Â 10 À4 Å for the a and c lattice constants, GaN NWs are fully relaxed on a macroscopic scale. 33 A comparative quantitative analysis of the GaN NWs and FS-GaN surface reconstructions would be valuable but it is out of the scope of the present paper.
Furthermore, we investigated sample S-1 by standard mode angle-resolved XPD. We analyzed the angular distribution of photoelectrons emitted from the N 1s core level (binding energy 397 eV) within the ð10 10Þ atomic plane when the sample is irradiated by x-rays along the ½11 20 direction at an incidence angle of 70 with respect to the surface normal. The LEED pattern was used to align the sample. 35 The electron energy analyzer was operated in a constant energy pass mode (100 eV) and its position, i.e., emission angle, was varied in steps of 2 . For each position, the Shirley background of the N 1s peak was subtracted and a Gaussian function was used to fit the peak. The N 1s peak intensities were obtained by integrating the Gaussian fits. 27, 28 Polar angle plots were normalized on normal emission intensities. In Fig. 4 , the angular distribution of photoemitted electrons measured in sample S-1 is compared with reference measurements carried out on Ga-and N-polar FSGaN layers. 27 As discussed in Ref. 27 , in the 20 -25 range, the angular distribution of photo-emitted electrons allows us to discriminate between Ga and N polarity in a straightforward manner: whereas the intensity decreases for the Gapolar orientation, it increases for the N-polar orientation.
The clear increase of the intensity observed in sample S-1 between 20
and 25 is thus compatible with the N polarity of the GaN NWs prepared on AlN-buffered 6H-SiCð000 1Þ. Furthermore, as can be clearly observed in the figure, the XPD intensity rise between 45 and 54 for the NW sample is also identical to the N-polar FS-GaN layer and opposite to the intensity decrease for the Ga-polar sample.
An interesting difference between the XPD normalized intensities in FS-GaN layers and GaN NWs can be noticed in Fig. 4 . While in the N-polar FS-GaN layer the XPD intensity steadily decreases with the emission (polar) angle, for the NW sample S-1, the intensity remains almost constant. The decrease in the intensity in the FS-GaN layer is because the effective thickness of the layer that contributes to photoelectron emission decreases with the emission angle. In contrast, for the NW sample, this phenomenon is partly compensated by the photoelectron emission from the NW edges. Nevertheless, although the peak intensities for the N-polar FS-GaN layer and the NW sample differ at high polar angles, their positions are comparable.
The present results demonstrate that, despite the small differences observed between the LEED I-V curves and the angular distribution of photo-emitted electrons in NW ensembles and FS-GaN layers, LEED and XPD are suitable techniques to assess the polarity of GaN NW ensembles on a macroscopic scale. However, the broadening of the LEED diffraction spots in highly misoriented NW ensembles might hinder recording LEED I-V curves reliably. XPD, which is sensitive to local atomic arrangement, can help to overcome LEED limitations. Below, we investigate by XPD the GaN NW ensemble prepared on bare Si(111), namely, sample S-2.
Unlike LEED, XPD measurements at high kinetic energy are less sensitive to surface disorder or NW misorientation because of both the lower coherence length and the larger inelastic mean free path of photo-emitted electrons. The angular distribution of photo-emitted electrons measured in sample S-2 is shown in Fig. 4 . The comparison of the results obtained for samples S-1 and S-2 reveals that, apart from a small variation in the total intensity, the angular dependence is identical for these two samples. Therefore, we conclude that, on a macroscopic scale, the GaN NWs prepared on bare Si(111) are N-polar as well. The higher intensity observed in sample S-2 can be explained in terms of an enhanced contribution of NW edges due to the smaller NW diameter and the lower surface area fraction covered by the GaN NWs.
To further confirm the results obtained for sample S-2, the polarity was also investigated on a macroscopic scale by destructive KOH etching. As discussed in the supplementary material, 36 KOH etching experiments corroborate the XPD results and demonstrate that all NWs in this sample are indeed N-polar.
Our results are in good agreement with those previously reported by Hestroffer et al., 17 where the polarity of a similar NW ensemble was also investigated on a macroscopic scale using resonant x-ray diffraction at a synchrotron beamline. These results also agree with the microscopic measurements published in Refs. 16 and 20 but not with the microscopic studies reported in Refs. 14 and 15. Since in all these studies the growth conditions were rather similar, the discrepancies might be related to the specific procedures followed to prepare the Si(111) substrates and to initiate the growth. As in the case of AlN-buffered Al 2 O 3 ð0001Þ substrates, the formation of surface defects, prior or at the early stages of the growth, could induce the formation of Ga-polar GaN NWs 13, 23 within an ensemble where the NWs are, by nature, 12 N-polar. This explanation would also account for the results reported by Carnevale et al., 22 who observed the formation of a NW ensemble of mixed polarity with only a small fraction (10%) of Ga-polar GaN NWs. All these apparently controversial results can thus be reconciled by taking into account the significance and limitations of macroscopic as well as microscopic measurements. Whereas microscopic measurements reveal the polarity of single NWs, macroscopic ones are the result of an averaging process. Consequently, macroscopic studies reflect the polarity of the majority of GaN NWs within the ensemble. Furthermore, although microscopic techniques give a detailed insight into the properties of individual NWs, they may suffer from poor statistics which means that they might not reflect the properties of the majority of the NWs in an inhomogeneous ensemble. Therefore, the different results reported in the literature are not necessarily contradictory.
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